Objective-Fish oil (FO), and specifically omega 3 fatty acids, has favorable effects on cardiovascular outcomes. The aim of this study was to investigate the effects of FO on the process of macrophage reverse cholesterol transport (RCT) in an in vivo mouse model. Methods and Results-C57BL/6J mice were fed a FO diet, whereas control mice were fed diets containing alternative sources of fats, soybean oil (SO), and coconut oil (CO) for 4 weeks. Macrophage RCT was assessed by injecting [ 3 H]cholesterol-labeled J774 macrophages intraperitoneally into mice. After 48 hours, tissues were harvested and feces were collected. An increase in the excretion of macrophage-derived [ 3 H]-tracer recovered in fecal neutral sterols for FO-fed mice was observed (273% versus SO and 182% versus CO). FO also decreased [ 3 H]-tracer in hepatic cholesteryl ester compared to SO and CO by 76% and 56%, respectively. To specifically determine the effect of FO on the fate of HDL-derived cholesterol, mice fed FO or SO diets were injected with HDL labeled with [ 3 H]cholesteryl oleate, and the disappearance of [ 3 H]-tracer from blood and its excretion in feces was measured. There was no significant difference in the fractional catabolic rate of [ 3 H]cholesteryl oleate-HDL between the 2 groups. However, there was a 242% increase in the excretion of HDL-derived [ 3 H]-tracer recovered in fecal neutral sterols in FO-fed mice, concordant with significantly increased expression of hepatic Abcg5 and Abcg8 mRNA.
I t is well-known that nutritional factors influence the incidence of cardiovascular disease. Dietary fat is considered one of the most important factors associated with the development of atherosclerosis. Saturated fatty acids increase plasma LDL-cholesterol (LDL-C) and promote the progression of atherosclerosis. 1 Alternatively, unsaturated fatty acids are thought to protect against the progression of atherosclerosis. 2 For example, linoleic acid reduces atherosclerosis by lowering plasma LDL-C. 1 Omega-3 fatty acids such as docosahexaenoic acid (DHA) or eicosapentaenoic acid (EPA), abundant in fish oil (FO), reduce clinical cardiovascular complications of atherosclerotic disease. 3, 4 Several mechanisms have been proposed by which FO reduces cardiovascular events, including triglyceride-lowering effects, antiinflammatory effects, antithrombotic effects, and antiarrhythmic effects. 5, 6 Reverse cholesterol transport (RCT), by which cholesterol is transported from peripheral macrophages to HDL-based acceptors in the liver for excretion in the bile, is thought to be a protective mechanism against atherosclerosis. 7 FO may promote this process by increasing cholesterol efflux from macrophages 8 and increasing hepatic uptake of HDL-cholesterol (HDL-C). 9 In this study, we evaluated the effect of FO on in vivo macrophage RCT using previously established methods for RCT in mice. We found that FO significantly increased macrophage-to-feces RCT. Additional studies suggest that at least part of the mechanism is via reduction in esterification and promotion in the biliary excretion of HDLderived cholesterol by the liver.
Methods

Materials
RPMI 1640 were purchased from Invitrogen. [1, [2] [3] H]cholesterol and [1, [2] [3] H]cholesterol oleate were purchased from Perkin-Elmer Life Science. Other reagents without citation in this article were purchased from Fisher Scientific.
Animals and Diets
Female C57BL/6J mice (Jackson Laboratories, Bar Harbor, Me), 13 to 15 weeks old, were housed in polycarbonate cages (4 to 6 animals in each cage) with a 12-hour light/dark cycle. The room temperature was maintained at 22Ϯ1°C and humidity at 30% to 50%. All procedures were approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
All diets were based on the AIN-93 mol/L formula and were purchased from Research Diets Inc. The low soybean diet ( L SO) contained 9% energy from soybean oil and matched the AIN-93 mol/L formula except that it contained 1.25 g cholesterol/3850 kcals. Three high-fat diets, H SO, CO, and FO diets, contained 1.25 g cholesterol/3851 kcal and 42% energy from fat with 5% energy from soybean oil as a source of essential fatty acids and the remaining fat as soybean oil, hydrogenated coconut oil, and menhaden oil, respectively. Unlike other oils, menhaden oil contains 0.4% (w/w) cholesterol; consequently less cholesterol was added to prepare the FO diet. The fatty acid profile for each diet is provided in supplemental Table I (available online at http://atvb.ahajournals.org).
Diet Treatment
After a 2-week introductory feeding period with the H SO diet, mice were fasted for 4 hours and blood was obtained to determine plasma lipid levels. Mice were divided into 3 groups (nϭ5 to 6/group) with equal mean plasma total cholesterol (TC) levels and fed either, H SO, CO, or FO diets. In addition, 1 group of mice was fed L SO diet throughout the experiment.
In Vivo RCT With J774 Macrophages
RCT studies were performed as previously described. 10 A more detailed description of the methods used can be found in the supplemental materials.
Ex Vivo Cholesterol Efflux From J774 Macrophages
J774 macrophages were used to study the ability of serum, from diet-fed mice, to promote cholesterol efflux ex vivo as previously described. 11 A more detailed description of the methods used can be found in the supplemental materials.
Ex Vivo Cholesterol Efflux From Mouse Peritoneal Macrophages
Mouse peritoneal macrophages (MPMs) from diet-fed mice were used to test their ability to efflux cholesterol to defined acceptors ex vivo. A more detailed description of the methods used can be found in the supplemental materials.
HDL Labeling and Turnover
Mouse HDL was isolated from plasma of chow-fed C57BL/6J mice by differential ultracentrifugation, and HDL (1.063ϽdϽ1.21) was labeled with [ 3 H]cholesterol oleate according to the methods described previously with slight modifications. 12 A more detailed description of the methods used can be found in the supplemental materials.
mRNA Gene Expression Analysis
For RNA expression analysis, livers from the macrophage RCT study were removed and pieces were soaked in RNAlater reagent (Qiagen). The excised small intestines, from HDL turnover study, were washed by ice-cold PBS, and then divided into 6 parts with equal length (duodenum, upper jejunum, mid jejunum, lower jejunum, upper ileum, and lower ileum). Total RNA was isolated from liver or small intestine using EZ1 RNA Tissue Mini Kit (Qiagen). cDNA was produced from total RNA via reverse transcription using Superscript First strand synthesis system Kit (Invitrogen). Quantification of mRNA expression using TaqMan or SYBR green assay systems was performed using an ABI 7300 Real Time thermocycler (Applied Biosystems). Abundance of genes were determined after correcting for loading to Gapdh expression (DCt), and relative expression attributable to diet conditions is compared to the H SO group.
Statistical Analyses
Results are presented as the meanϮSD. One-way ANOVA (PϽ0.05) followed by Tukey HSD-test (aϭ0.05) was used for detecting the statistical differences among high-fat diet groups ( H SO, CO and FO). Student t test was used for detecting differences between L SO and H SO diets to understand the influence of high-fat diet. All analyses were performed using JMP v7.0 (SAS Institute).
Results
Plasma Lipids
Body weight and food intake of mice fed different diets were similar throughout the study (data not shown). Plasma lipids on the different diets are shown in the Table. Compared with the control L SO, the higher level of soybean oil, H SO diet, did not change the plasma total cholesterol (TC) level but it increased HDL-cholesterol (HDL-C) levels and decreased non-HDL-C, triglyceride (TG), and nonesterified fatty acid (NEFA) levels. The CO diet significantly increased TC, 
Values are given as mean mg/dL ϮSD; nϭ6 mice per group. ANOVA indicates a significant difference between groups for all lipids (PϽ0.01). Sig indicates the statistical significance where different letters indicate significantly differences among the high-fat diet groups determined by Tukey HSD (alphaϭ0.05). The same letter indicates no significant difference between groups. Two-tailed tests were performed to examine differences between low-fat L SO and high-fat H SO diets (*PϽ0.05, **PϽ0.01).
HDL-C, non-HDL-C, TG, and NEFA levels compared with the H SO diet. Finally, compared with the other high-fat diets, the FO diet significantly decreased plasma HDL-C levels (13% and 36% compared to H SO and CO, respectively) and NEFA levels (20% and 61% compared to H SO and CO, respectively), and compared with the CO diet the FO diet significantly reduced non-HDL-C (23%) and TG (62%) levels.
Macrophage RCT
Comparisons among the high-fat diet groups with regard to indices of RCT ( Figure 1A) Figure 1A) .
A comparison between the L SO with the H SO diet ( Figure 1B ) showed no effect on the macrophage-derived 
Macrophage Cholesterol Efflux
Macrophage cholesterol efflux is the first, and one of the most important, steps in the RCT pathway. The effects of the FO diet on cholesterol efflux from macrophages ex vivo were investigated in 2 different ways. First, we examined the ability of serum obtained from mice on the FO and other diets to promote cholesterol efflux from J774 macrophages ( Figure  2 ). Comparisons among the high-fat diet groups indicate that, in the absence of cAMP (which upregulates ABCA1), the FO diet did not increase the cholesterol efflux capacity of serum, whereas the CO diet significantly increased it compared to the H SO diet. Alternatively, in the presence of cAMP, both the FO and CO diets significantly increased the cholesterol efflux capacity of serum compared to the H SO diet. Comparing the L SO and H SO diets indicates that a higher level of soybean oil increased the cholesterol efflux capacity of serum either with or without cAMP.
Secondly, we examined the ability of macrophages isolated from mice fed the experimental diets to efflux cholesterol to defined acceptors; pooled serum (from control chow-fed C57BL/6J mice; 2%) or human ApoA-I (100 g/mL; Figure 3 ). Among the high-fat diet groups, there were no differences with regard to cholesterol efflux from MPMs using mouse serum as the acceptor ( Figure  3A) . Similarly, using human ApoA-I as the acceptor, macrophages from FO-fed mice did not significantly increase cholesterol efflux relative to H SO. Interestingly CO-fed mice had decreased cholesterol efflux compared with macrophages from FO-fed mice ( Figure 3B 
Fate of HDL-Derived Cholesteryl Ester
Another key step in RCT is the hepatic uptake and excretion of HDL-derived cholesterol. To determine whether the FO diet may have promoted these steps, a HDL turnover study using [ 3 H]-cholesteryl ester labeled HDL in mice fed the L SO, H SO, and FO diets was performed including tracing the excretion of the labeled cholesterol in the feces (Figure 4 ). There was no difference between H SO and FO in the plasma FCR of HDL-CE. However, there was a 242% increase in the excretion of HDL-derived [ 3 H]-tracer recovered in fecal neutral sterols in FO diet-fed mice compared to H SO-fed mice (PϽ0.0001). As observed in the macrophage RCT Comparisons between high-fat groups was performed by ANOVA, if significance was observed (PϽ0.01) then Tukey HSD was applied to test for significance between all groups. Different letters indicate significant differences between diets (Tukey HSD, alphaϭ0.05). 
Hepatic mRNA Expression Analysis
The fish oil diet significantly increased the [ 3 H]-tracer recovered in fecal neutral sterols but not in fecal bile acid in both the RCT and HDL turnover studies. FO markedly decreased [ 3 H]-tracer recovered in hepatic cholesteryl ester in both experiments. These results suggest that FO inhibits the esterification of macrophage and HDL-derived cholesterol and increases the excretion of neutral sterols from liver to bile and possibly from bile to feces. Several liver genes that influence cholesterol esterification and biliary cholesterol excretion were therefore analyzed by RT-QPCR ( Figure 5 ).
Consistent with a previous report, 13 FO significantly decreased mRNA of hepatic triglyceride synthesis related genes (Srebp-1c, Fas, and Scd1) and increased hepatic expression of Acox which catalyzes ␤-oxidation of fatty acids. The reduction in Scd1 expression, in particular, could result in reduced esterification of HDL-derived cholesterol, consistent with our observations and potentially leading to enhanced excretion into the bile.
In addition, FO did not affect mRNA levels of Scarb1, which is consistent with the HDL-CE turnover data. Western blot analysis also did not show a change (data not shown). The FO diet showed a small, but not significant increase in Abca1 relative to the other high-fat diets, whereas Abcg1 expression was unchanged among the different diet groups.
ABCG5 and ABCG8 play a critical role in biliary excretion of neutral sterols. Comparisons among the high-fat diet groups show FO significantly increased hepatic expression of both Abcg5 and Abcg8 but not Cyp7a1. Compared to the control L SO diet, the H SO diet had little effect on hepatic expression of Abcg5 and Abcg8.
Finally, NPC1L1 plays a crucial role in intestinal absorption of neutral sterols. In the small intestine, a higher level of soybean oil ( H SO diet) significantly decreased Npc1l1 mRNA levels compared with the L SO diet (Pϭ0.0029) ( Figure 5B ). FO further decreased Npc1l1 expression in the small intestine compared to H SO, although the additional decrease was not significant (Pϭ0.23). The significant increase in hepatic Abcg5/g8 and potential decrease in intestinal Npc1l1 mRNA may account for the increased fecal excretion of macrophage and HDL-derived cholesterol.
Discussion
This study shows that a diet high in omega-3 fatty acids substantially increased the fecal excretion of macrophage-de- rived and HDL-derived [ 3 H]cholesterol, compared with a diet high in soybean oil as well as a low-fat diet. The fish oil diet reduced hepatic esterification of HDL-derived cholesterol, increased the fecal excretion of HDL-derived cholesterol, upregulated hepatic Abcg5 and Abcg8, and downregulated intestinal Npc1l1, all of which may have contributed to the increased rate of RCT.
Marmillot et al reported that FO feeding in rats enhanced the ability of their HDL to promote cholesterol efflux from J774 cells. 8 In the present study, the serum from FO-fed mice promoted cAMP-dependent cholesterol efflux (but not basal efflux) from J774 cells, compared with that from H SO fed mice. Because the addition of cAMP to the cells causes an increase in ABCA1 at the cell surface, our results suggest that serum from FO-fed mice has a greater capacity to promote efflux of cellular cholesterol through the ABCA1-dependent pathway. Serum from CO-fed mice also increased efflux compared to H SO both in the absence and presence of cAMP. Because 2% serum is used as an acceptor, the increase is probably attributable to the 38% increase in HDL in the CO-fed mice. We also tested the relative ability of MPMs isolated from mice fed different diets to efflux cholesterol. There was no difference in efflux to pooled mouse serum from MPM derived from the different diet groups.
In the absence of compelling data to suggest that the FO diet promoted cholesterol efflux from macrophages, we hypothesized that the effect of the FO diet on RCT was attributable to effects downstream from the efflux step. To evaluate later steps involved in RCT which may be affected by FO, we performed an HDL turnover study using [ 3 H]cholesteryl oleate-labeled HDL. There was no change in FCR of plasma HDL-CE between FO and H SO diet-fed mice and no change in hepatic Scarb1 expression. Le Morvan et al reported that FO-fed mice had an increased FCR and hepatic uptake of HDL-CE, accompanied by an increase in Scarb1 expression in FO-fed mice, 9 in contrast with data presented here. The differences in these results may be attributable to the difference in the diet composition: Le Morvan et al used a grain-based basal diet, whereas here, a purified AIN-93 mol/L basal diet was used with added cholesterol. Vasandani et al reported that hepatic Scarb1 was unchanged by a semisynthetic diet containing EPA and DHA in LDL receptor-deficient mice, 14 which is consistent with observations made here. However, despite the unchanged turnover of HDL-CE in FO-fed mice, FO substantially increased the fecal excretion of HDL-derived cholesterol to a similar extent as was observed in the macrophage RCT study. These results suggest that FO promotes in vivo macrophage RCT at least in part via an enhancement of the excretion of HDLderived cholesterol from liver to feces.
Our results suggest several complementary mechanisms of this effect of FO on the biliary and fecal excretion of HDL-derived cholesterol. First, we demonstrate a striking reduction in macrophage-and HDL-derived [ 3 H]-tracer in hepatic cholesteryl ester of FO-fed mice relative to both CO and H SO diets, which increases the pool of unesterified cholesterol available for biliary excretion. This observation with the tracer studies is consistent with a significant decrease in hepatic cholesteryl ester mass in FO-fed mice. Omega-3 fatty acids such as EPA and DHA decreased hepatic cholesteryl ester compared with omega-6 fatty acids in LDL receptor-deficient mice. 14 EPA and DHA are poor substrates for the ACAT reaction. 15 In addition, FO feeding inhibited Fas expression, as previously shown, 14 which can cause a depletion of endogenous substrates for acyl-CoA cholesterol acyl transferase (ACAT). Furthermore, SCD1 depletion causes a reduction in not only hepatic triglyceride but also hepatic cholesteryl ester levels. 16 In this study FO significantly decreased Scd1 mRNA expression in liver, which may contribute to the depletion of cholesteryl ester in the liver. Thus, in FO-fed mice, macrophage-and HDL-derived free cholesterol is less effectively esterified, making it more available for biliary excretion.
A second mechanism to explain our finding is that the FO diet significantly increased hepatic mRNA levels of Abcg5/g8, key proteins which regulate hepatic cholesterol secretion into bile. LXR agonists induce Abcg5/g8 expression. 17 Recently, Uehara et al reported that EPA decreased LXR regulated genes, Abcg1 and Abca1, in an in vitro study. 18 However, other LXR regulated genes, Abcg5/g8 and Cyp7a1, were not affected by a diet with 10% FO (w/w) in an in vivo rat model compared to those fed the same diet with olive oil. 19 The FO diet used here contains 0.15% cholesterol which in the presence of the FO diet could have resulted in increased levels of unesterified cholesterol in the liver and increased generation of oxysterols, which could serve to activate LXR. Furthermore, PPAR␣ agonists modestly increased Abcg5/g8 expression. 20 EPA and DHA are more potent PPAR␣ agonists compared with monounsaturated or saturated fatty acid. 21 Indeed, in our study the FO diet increased hepatic mRNA expression of Acox, a classic target gene of PPAR␣. Furthermore, we observed a significant correlation between Abcg5/g8 and Acox mRNA expression. Although further investigation is needed to clarify the mechanism by which FO increases Abcg5/g8 expression, activation of LXR or PPAR␣ are among possible mechanisms.
A third potential mechanism is reduced intestinal reabsorption of biliary HDL-derived cholesterol attributable to downregulation of intestinal Npc1l1. We have shown that ezetimibe, which inhibits Npc1l1, promotes the fecal excretion of macrophage and HDL-derived cholesterol. 22 Our data here suggest that the FO diet reduced the expression of Npc1l1. Athough the mechanism of this observation is unknown, PPAR␦ agonists have been shown to downregulate Npc1l1 22, 23 leading to increased macrophage RCT, 22 and it is possible that FO could influence Npc1l1 expression through this mechanism.
In conclusion, our data indicate that a FO diet promoted the excretion of macrophage-and HDL-derived cholesterol into the feces in mice, primarily because of increased hepatic fecal excretion of HDL-derived cholesterol as a result of several complementary mechanisms. We suggest that this effect of fish oils could contribute to their antiatherosclerotic and cardioprotective properties.
